The association of experimental data showing that the plastic deformation of olivine, the main constituent of the upper mantle, is highly anisotropic and the ubiquitous seismic anisotropy in the upper mantle, which indicates that olivine crystals show coherent orientations over scales of tens to hundreds of km, implies that the long-term deformation in the upper mantle is anisotropic. We propose a multi-scale approach, based on a combination of finite-element and normal to the imposed extension, in which softening is followed by hardening.
Introduction
Most natural solids are polycrystalline, which means that they are made up of individual crystals that are defined by a shape, a size, and the orientation of the crystalline lattice. The presence of a crystal preferred orientation (CPO) often induces a dependence of the physical properties on the direction of solicitation. This phenomenon is known as anisotropy. For simple solicitations, such as uniaxial extension or compression, this CPO-induced mechanical anisotropy results in a variation in the strains in the plane normal to the direction of the solicitation and it is usually characterized by the ratio between the maximum and minimum strain or r-value. When the material is orthotropic (invariance of the deformation by three orthogonal planes) or transverse isotropic (invariance of the deformation by rotation around an axis), the r-value fully defines its anisotropy. An anisotropic rheology may also result in development of shear strains during uniaxial compression or tension experiments and may therefore be characterized by the ratio of the shear strain relatively to the macroscopic equivalent strain. This parameter describes the tendency of anisotropic materials to develop "out-of-plane" strain components, which result in non-parallelism between principal stress and strain rate axes.
Mechanical anisotropy has been extensively investigated in metallurgy. In metal forming or crash simulations, dealing with mechanical anisotropy during calculation is fundamental to predict the final material shape, the evolution of mechanical properties during deformation, damage distribution and failure. For instance, deep drawing of aluminum alloy sheets results in undesirable "earing", due to lower strengths and hence higher strain rates along <110> crystallographic directions [Tucker, 1961] . Numerous strategies have been developed to account for anisotropy during simulations of forming processes. Initial efforts focused on empirical description of yield surfaces based on a generalization of the Von Mises criterion [Von Mises, 1913] that was originally designed to approximate the plastic anisotropy of single crystals: the anisotropy coefficient [Hill, 1948] . However, this formulation is only valid for orthotropic materials to which is imposed a stress coaxial to a symmetry axis. Expressions for more complex strain rate states have been developed, but they are still limited to materials with an orthotropic initial texture [Kim et al., 2007] . Coupling an empirical description of the yield surface to a finite element model (FEM) is straightforward, but the necessary parameters, in particular the dependence of the shape of the yield surface on the strain are difficult to obtain. This strategy also does not allow a description of the anisotropy for large deformations, because it does not account for the evolution of the crystallographic texture. An alternative approach consists in the parameterization of the texture and anisotropy evolution during deformation based on single crystal plasticity models. The Ning and Aifantis [1996] method, for instance, uses a distribution function of the CPO to define a texture tensor, which is used to model complex loadings on stainless steel. However, this approach is not suitable for modeling the deformation of orthorhombic or even lower symmetry materials, because no simple parameterization of the anisotropy evolution can be obtained.
For non-orthotropic materials, the mechanical anisotropy has to be described via an analytical expression of the yield surface derived from a polycrystal plasticity model. A polycrystalline aggregate is associated to each integration point of the FEM and a homogenization method is used to link the mechanical states of the crystal to that of the polycrystalline aggregate [Dawson et al., 2003] . The mechanical state of each grain is calculated by a single-crystal plasticity model and, using a given homogenization method, transmitted to the polycrystal.
The repetition of this micro-macro calculation at all integration points of the FEM allows describing the mechanical behavior in the FEM model as a function of the local CPO. This method gives good results in terms of evolution of the CPO and of the induced anisotropy during the deformation process and allows the study of plastic anisotropy independently of the symmetry of the material, but computation times are important. Different methods have been proposed recently to enhance computation times. Zhao et al. [2001] and Raabe et al. [2002] propose the use of texture components, i.e., a small set of discrete and mathematically compact Gaussian texture components, to map the orientation distribution. Béringhier et al. [ [2007] proposed to distribute the initial CPO over several elements of the FEM. Finally, -Chaulet et al. [2005] developed a micro-macro model for describing the behavior of anisotropic ice assuming it flows as a linearly viscous orthotropic material. The flow law is defined by six parameters and its orthotropic fabric described by an orientation distribution function depending on two parameters, the grain c-axe colatitude and longitude. This model remains nevertheless limited to transverse isotropic materials.
Gillet
Most minerals, due to their lower symmetry, display a much higher plastic anisotropy than metals. A few early works investigated the role of an anisotropic viscosity on the convection geometry. By using a simplified description of the viscosity tensor, where the anisotropy is expressed as a constant ratio between normal and shear viscosities, these studies concluded that the effect of mechanical anisotropy was minor [Christensen, 1987; Honda, 1986; Richter and Daly, 1978] . Most studies in the last 25 years [Blackman et al., 1993; Chastel et al., 1993; Kaminski and Ribe, 2001; 2002; Ribe, 1989; Tommasi, 1998 ], focused therefore on the relation between olivine CPO and the seismic anisotropy in the upper mantle, neglecting the role of CPO-induced mechanical anisotropy on the viscoplastic, dislocation creep controlled, deformation of the Earth's interior. A series of recent studies suggest nevertheless that an anisotropic viscosity in the mantle may significantly modify its deformation. Models that use a similar description of the viscosity as the early ones, but consider that the anisotropy evolves as a function of the strain, suggest that a CPO-induced mechanical anisotropy does affect the development of convective instabilities [Lev and Hager, 2008; Muhlhaus et al., 2004] . Models using an analytical description of anisotropic viscosity that decomposes the viscosity tensor in an isotropic part and an anisotropic part that depends of the geometry of the crystal predict that the flow of the transition zone in the Earth's mantle may be strongly affected by mechanical anisotropy [Pouilloux et al., 2007] . However, all these models either use a highly simplified description of the anisotropy or are based on analytical developments that limit their application to high symmetry materials. They cannot fully describe the mechanical anisotropy in the upper mantle that is mainly composed of orthorhombic olivine.
Multi-scale mechanical models similar to those developed in Material Sciences are thus necessary to fully account for an evolving anisotropic viscosity in the Earth's upper mantle. In the present study, we investigate the role of a CPO-induced mechanical anisotropy on the deformation of lithospheric plates by coupling a self-consistent polycrystal plasticity model to a finite element formulation using an updated Lagrangian framework. These models fully account for an anisotropic viscosity that evolves as a function of the olivine CPO and hence as a function of the local strain history. They can therefore be used to study the interplay between CPO evolution and anisotropic deformation in the lithospheric mantle. Tommasi and Vauchez [2001] already used viscoplastic self-consistent polycrystal plasticity models to study the reactivation of preexisting collisional structures during the continental rifting process.
They showed that the mechanical anisotropy associated with preferred orientation of olivine crystals in the upper mantle may result in directional softening, leading to strain localization and shearing parallel to the preexisting tectonic fabric when the latter is oblique to the extensional stresses. However, these early models did not allow for the evolution of the CPO in response to an evolving stress field. They indicated the initial trend of the system, but did not predict its evolution.
The physical properties of the olivine crystal in the upper mantle are presented in section 2.
The multiscale modeling approach developed in the present work is detailed (section 3) and applied to the extension of a homogeneous continental plate (section 4). Results are finally discussed in section 5.
Anisotropy of physical properties in the olivine crystal and in the upper mantle.
Olivine is the major mineral in the upper mantle (50-80%). Its rheology is therefore crucial for both the lithospheric deformation and the mantle convection. Olivine presents an orthorhombic crystallographic symmetry. Analysis of naturally deformed mantle samples from a large variety of geodynamic environments [Ben Ismail and Mainprice, 1998; Le Roux et al., 2008; Tommasi et al., 2008; Tommasi et al., 2000; Tommasi et al., 2004] and deformation experiments under a large range of temperatures and pressures [Bystricky et al., 2000; Couvy et al., 2004; Raterron et al., 2007; Zhang and Karato, 1995] suggest that the upper mantle deforms mainly by dislocation creep. This mode of deformation depends strongly on the crystal structure. Dislocations move in well-defined slip systems characterized by a glide plane and direction -the Burgers vector. The ease of activation of a given slip system is given by the Critical Resolved Shear Stress (CRSS), whose magnitude depends on the crystal cell parameters and on the strength of the atomic bonds. Low-symmetry crystals, like orthorhombic olivine, are highly anisotropic because the total number of slip systems is reduced, while CRSS values vary considerably from one system to another. Compression experiments on olivine single crystals under high-temperature conditions show that strain rates vary by up to 2 orders of magnitude depending on the orientation of the crystal [Bai et al., 1991; . A direct consequence of this plastic anisotropy is the development of strong CPO during deformation by dislocation creep leading to an anisotropic mechanical behavior at the polycrystal (rock) scale.
The elastic deformation and hence the propagation of seismic waves in olivine are also highly anisotropic [Abramson et al., 1997] . Seismic anisotropy measurements based on the analysis of the splitting of core shear waves [Silver and Chan, 1986; Vinnik et al., 1994] or of the variation of surface waves velocities as a function of the propagation (azimuthal anisotropy) or polarization directions [Montagner and Nataf, 1986] are the best tools available to map the mantle deformation. These measurements show that anisotropy is ubiquitous in the uppermost 200 km of the mantle [Montagner, 1998 ; Shear-wave splitting database available at http://www.gm.univ-montp2.fr/splitting]. They also imply that olivine CPO are coherent over scales ranging from tens to hundreds of km. This, together with the strong plastic anisotropy of olivine, suggests that the long-term mechanical behavior of the shallow mantle should be strongly anisotropic.
Both the mechanical anisotropy and the CPO evolution depend strongly on the potential slip systems and on their critical resolved shear stresses (CRSS). However, CRSS are not absolute values; they depend on physical parameters such as temperature, pressure, or deviatoric stresses and on the chemical environment, in particular on the water and oxygen fugacity.
Deformation experiments on olivine single crystals and aggregates, together with transmission electron microscopy observations on naturally and experimentally deformed peridotites show that deformation in the dislocation creep regime is essentially accommodated by glide on {0kl}[100] and {hk0}[001] systems, with (010), (001), and (100) being the most common glide planes. Slip on [100] systems is favored under high temperature, low stress, low pressure and dry conditions (e.g., [Bai and Kohlstedt, 1992; Bai et al., 1991; Darot and Gueguen, 1981; Doukhan et al., 1984; Goetze and Kohlstedt, 1973; Mackwell et al., 1985; Phakey et al., 1972; Raleigh, 1968] ), whereas high stress, high pressure, and high water contents favor [001] slip [Couvy et al., 2004; Jung et al., 2006; Mainprice et al., 2005; Raterron et al., 2007] . Based on these data, we propose that deformation in the lithospheric mantle is essentially accommodated by dislocation glide on {0kl}[100] systems. Olivine CPO measured in peridotite xenoliths and massifs that sample the upper 200 km of the mantle are indeed well reproduced by polycrystal plasticity simulations that use CRSS derived from high-temperature, low-stress deformation experiments on olivine single crystals [Tommasi et al., 2000; Wenk et al., 1991] . The same CRSS values (Table 1) are therefore used in the present simulations.
Multi-scale modeling of the deformation of anisotropic low-symmetry polycrystalline materials
The deformation of an anisotropic polycrystalline material is modeled by a two-step scaletransfer approach. The polycrystal mechanical behavior, characterized by an anisotropic viscosity tensor, is obtained from homogenization of the individual representative grains behavior, which is described by a standard single crystal plasticity model, using a viscoplastic self-consistent (VPSC) approach [Molinari et al., 1987] . In contrast to the classical models of Taylor [1938] and Sachs [1928] that assume either homogeneous strain or stresses in the sample, the VPSC model imposes both strain compatibility and stress continuity between grains and their environment. The latter is represented by a Homogeneous Equivalent Medium (HEM), which have the homogenized, calculated properties of the polycrystal.
The VPSC approach considers each crystal as an inhomogeneity embedded in a HEM, in the sense of the Eshelby formalism [Eshelby, 1957] . At the crystal scale, deformation is accommodated by dislocation glide only. The shear rate induced in a slip system (s) is related to the local deviatoric stress tensor by a non-linear viscous response: 
The plastic strain rate in the crystal is the sum of the shear rate The interaction between grains and the HEM is defined by
where the microscopic strain rate tensor and the deviatoric stress tensor for each grain ( e , s ) and the equivalent macroscopic quantities ( , S ) are linked by an interaction tensor
order. α is a scalar that allows tuning the strain compatibility and stress equilibrium constraints. Its effect on the olivine CPO evolution is shown in Tommasi et al. (2000) . In the present models, the standard tangent approach is used (α=1). The VPSC approach allows therefore calculating, for a given olivine CPO and an imposed velocity gradient, both the texture evolution and the full anisotropic macroscopic viscosity tensor . To maintain reasonable computation times, recrystallisation or grain growth are not considered in the present models.
η The second step of the scale-transfer consists in determining the effect of the local CPOinduced anisotropy on the large-scale stress and strain field. The large deformation of the microstructure is modeled using an updated Lagrangian framework. In this incremental approach, the time is discretized such that the body is subjected to small strain increments during each time step . At time , the configuration of the body is known and the balance laws of the mechanical problem are solved in that configuration based on stresses
The new configuration is then updated using an Euler explicit scheme as follows:
with the node coordinate vector and the velocity vector solution of the mechanical problem on the current configuration. In this context, the kinematics can be described using Eulerian variables, namely the velocity gradient tensor L :
where and correspond, respectively, to the strain rate and the spin. Also it should be noted that the stress measure consistent with this approach is the Cauchy stress, in the limit of small strain increments over each time step.
E & W
The finite element approach uses a mixed velocity / pressure formulation based on the separation of Cauchy stress tensor into its deviatoric and volumetric part [Chenot and Bay, 1998 ]. The field equations governing the problem are the equilibrium and the continuity equations (volumetric response):
with S and p the deviatoric and the pressure components of the Cauchy stress tensor.
The coupling between the homogenization formalism and the FEM formulation is performed through a finite set of crystallographic orientations associated to the integration point of each mesh element. At each time increment, the calculated displacement rate (or velocity) gradient tensor in the FEM is used as the boundary condition for the VPSC simulation, leading to CPO evolution and identification of the anisotropic rheology. The viscosity tensor η obtained from the VPSC calculation and the local macroscopic strain tensor E are then used to calculate the new stress S :
There are two ways of coupling the FEM and the VPSC models (Figure 1 ), i.e., to use the VPSC macroscopic viscosity tensor to determine the FEM mechanical fields. The first is the strong coupling strategy, in which the polycrystal plasticity calculation is performed within the FEM iterative procedure. The stress tensor obtained after convergence is thus determined from an evolving estimate of the viscosity tensor (Figure 1b) . The second strategy, known as the loose coupling approach, runs the polycrystalline calculation only at the end of the FEM time increment, after convergence. In this case, the FEM iterative procedure uses the viscosity tensor calculated at the previous time step to estimate the stresses (Figure 1a) . The strong coupling strategy is very stable, but significantly slower. The stability of the loose coupling strategy is directly linked to the variability of rheological parameters within a time increment.
In both strategies the convergence is verified independently at the two model scales (FEM and VPSC A detailed study of the compression of textured polycrystalline Al volumes showed, for instance, that loss of accuracy due to the use of a loose coupling strategy is negligible [Logé and Chastel, 2006] . However, most rock-forming minerals show lower symmetries and hence a higher anisotropy compared to the FCC Al. To verify if the loose coupling strategy is applicable to low-symmetry materials, like olivine, we compare the results of simulations of 60% axial shortening parallel to the X direction of a cube discretized by 69 FE using both strong and loose coupling strategies (Figure 2 ). To fully validate the coupled models, we also compare the texture evolution and mechanical behaviors predicted for these models to those predicted by a classical tangent VPSC model that is not coupled to a FEM. Since the coupled models simulate the behavior of a homogeneous material submitted to simple boundary conditions, their predictions should be similar to those of the classical uncoupled VPSC model. In these tests, an olivine polycrystal characterized by an initially random CPO defined by a set of 1000 orientations is associated to each Gauss point of the finite element mesh.
Olivine slip systems, their CRSS and stress exponents are defined in Table 1 .
For similar conditions, strong coupling computation times (87 hours) are >100 times higher than those for the loose coupling models (44 minutes). Final textures resulting from the two coupling strategies are very similar ( Figure 2 ). As expected, they reproduce well those predicted by the classical, non-coupled VPSC approach for a single olivine polycrystal submitted to axial shortening [Tommasi et al., 1999] 
, obtained using the strong and loose coupling strategies, are also compared to the macroscopic deviatoric strain rates predicted by the classical non-coupled VPSC calculation that uses both stress and strain rate boundaries conditions to evaluate the evolution of the strain rate tensor during the calculation (Table 2 ).
For the diagonal components of the normalized deviatoric strain rate tensor
), the average difference between the 3 calculations does not exceed 0.86%. The average difference between normalized shear strain rate components
) predicted using the strong and loose coupling strategies does not exceed 8% except for a few elements close to the model boundaries. One should note however that non-diagonal components are 3-5 orders of magnitude smaller than the diagonal ones. The strain rate tensor remains consistent for all elements of the initial mesh, even when exceeding 60% deformation in compression. The loose coupling approach is therefore used in all following simulations.
Modeling the deformation of a homogeneous anisotropic lithospheric plate
All models were run using a plate of 1 x 1 x 0.1 adimensional units submitted to either a constant extensional stress or a constant extensional velocity parallel to X on the left boundary ( Figure 3 ). Free slip conditions are applied to the opposed boundary, except for two nodes on its meridian line that are fixed in X and Y directions to avoid translation or body rotation of the plate. The remaining boundaries are free. The present study focuses on the deformation of an anisotropic viscous polycrystalline material. Elastic or thermal effects are not considered.
A polycrystal composed of 1000 initially spherical olivine crystals is associated with each Gauss point of the FEM mesh. Olivine slip systems, their CRSS and stress exponents are defined in Table 1 . In all models, the initial CPO is spatially homogeneous. Two different initial CPO were tested: a random quasi-isotropic initial olivine CPO (labeled Iso) and an orthorhombic CPO characterized by orthogonal maxima of [100], [010] , and [001] (Fig. 4) .
The latter CPO correspond to an olivine CPO pattern commonly observed in naturally and experimentally deformed mantle rocks [Ben Ismail and Mainprice, 1998 ]. Its intensity (concentration of the crystallographic axes), which may be quantified by the J index, that is the volume-averaged integral of the squared orientation densities [Bunge and Kohler, 1992] , is nevertheless significantly weaker (J=3.3) than those of naturally deformed mantle rocks, whose J indexes cluster between 6 and 12 [Tommasi et al., 2000] . Three different orientations of this initial non-random CPO relatively to the imposed extension were tested: the [100] maximum is either parallel (models labeled 0°), normal (90° models), or at 45° to the extension direction X. The maximum concentration of [001] is always vertical (Z-direction).
All models were run for an adimensional time of 1. The effect of a CPO-induced anisotropy in viscosity is investigated by comparing the final macroscopic deformation (Figure 4 ) and the evolution of the extensional and shear strain rates normalized by the initial Von Mises equivalent strain rate for an isotropic medium and of the macroscopic anisotropy r-value The total macroscopic deformation, recorded by the final mesh shapes (Figure 4 ), in models in which a constant tensional stress of 1 parallel to the X direction is applied during a total adimensional time of 1, varies strongly as a function of the initial olivine CPO. The final macroscopic extension parallel to the X direction ranges from 21% in the 0° case, to 35% in the Iso case, 36% in the 45° case, and 48% in the 90° case. The final mesh geometry or strain regime also depends on the initial olivine CPO (Figure 4 ). While the Iso and 90° cases deform by pure extension in which stretching in the X direction is compensated by shortening in both Y and Z directions, the 45° case shows a transtensional deformation regime, in which extension parallel to X is associated with anti-clockwise (sinistral) XY shearing. Deformation in the 0° case is also transtensional, but the extension/shearing ratio is higher than in the 45° case (lower vorticity).
In all cases, the olivine CPO evolves with increasing strain. The rate of change of the CPO depends strongly on the orientation of the CPO relatively to the imposed extension. Both 0° and 45° cases result in very strong olivine CPO, but in the latter an obliquity between the olivine CPO and the imposed extension persists even after 45% of extension. The 90° case shows a complex CPO evolution where a fast reorientation of the main crystallographic axes is accompanied by slow concentration of the CPO.
As a consequence of the CPO evolution, deformation regimes are not stationary, as shown by the variations of the deviatoric strain rate tensor components (normalized by the initial Von
Mises equivalent strain rate in an isotropic case) as a function of the macroscopic stretching along the X direction ( Figure 5) . In all models, deformation is essentially accommodated by stretching parallel to the X axis, in agreement with the imposed boundary conditions. Except for case Iso, which deforms by normal strains only, shear components in the horizontal plane ( ) represent in average 1/10 of the extensional strain rates ( ); the other shear components are one order of magnitude smaller than . In the Iso case, CPO development results in hardening, recorded by a progressive decrease of the extensional strain rate with increasing strain. A similar behavior is observed in the 0° case, but the decrease in the extension rate is accompanied by an increase of the normalized shear strain rate due to a slight obliquity of the [100] maximum relative to the stretching direction. The 45° case also presents a monotonic evolution characterized by an increase of the normalized extension rate and a marked decline of the normalized shear rate. In contrast, the 90° case displays a complex evolution of the strain rate tensor. Up to 25% extension, the normalized stretching rate increases and the shear rate decreases. For extensions larger than 25%, the behavior is inversed; the stretching rate decreases and the shear rate increases, but the sense of shearing is inversed.
The evolution of the r-value allows to further characterizing the effect of the CPO on the mechanical behavior of the plate. The Iso case is characterized by slightly faster shortening, giving an initial r-value of 0.95 (the CPO is not completely isotropic) that slightly decreases with increasing strain. The observed deviation from isotropy outlines that 1000 random orientations are not enough to correctly describe an isotropic polycrystalline material. In the 45° case, shortening is initially significantly faster than thinning, but the evolution of the CPO with increasing strain results in a reduction of the anisotropy. In contrast, in the 0° case, thinning rates are higher than the shortening ones and this tendency is reinforced by the strengthening of the CPO with increasing strain; the r-value increases by a factor of 1.3 during the calculation. Finally, the 90° case shows the strongest variation of the r-value, expressing a change from dominant thinning to dominant shortening with increasing strain.
To understand how the CPO influences the mechanical behavior of the plate, it is necessary to analyze the evolution of the olivine CPO with increasing strain in each model. In all four models (Figure 4) , olivine [100] axes tend to align parallel to the imposed extension direction (X). This evolution expresses the influence of the imposed boundary conditions on the strain field and hence on the CPO development. However, the rate of CPO concentration and reorientation as well as the actual rotation path for the 3 principal crystallographic axes of olivine vary significantly from one case to another. The Iso case shows the typical CPO evolution for olivine polycrystals submitted to axial extension: [100], which is the Burgers vector for the 2 easy slip systems (Table 1) 
Discussion
Analysis of the four simple models presented in this work shows that for low-symmetry materials, such as olivine and most rock-forming minerals, the orientation of the constituent crystals is a first-order parameter controlling the mechanical behaviour of a polycrystal.
Significantly different mechanical responses are observed as a function of the orientation of the initial olivine CPO relatively to the solicitation even for a homogeneous, 100% olivine plate submitted to simple boundary conditions.
In the Iso case, the CPO develops in response to the applied extension; it is therefore symmetrically arranged relatively to the extension direction (Figure 4) . In consequence, the sole expression of a CPO-induced anisotropic viscosity is a significant hardening, expressed by the decrease in strain rates with increasing strain. No shearing develops and shortening and thinning rates are similar. The observed hardening is essentially geometrical. The CPO evolution, characterized by a progressive rotation of the [100] axis of olivine crystals towards the extension direction, results in a decrease of the resolved shear stresses on the easy (010)[100] and (001)[100] slip systems (Table 1) This reorientation decreases the obliquity between the CPO and the imposed extension, leading to lower resolved shear stresses on the easy slip systems and hence to progressive hardening of the plate, expressed by the decrease in strain rates with increasing strain ( Figure   5 ). The reorientation of the CPO also leads to a decrease of the mechanical anisotropy (r-value tends toward 1).
Finally, the 90° case shows a complex textural evolution which results in a non-monotonic evolution of the mechanical behavior of the plate. The initial rotation of the maximum concentration of [010] from the Y to the Z direction results in a change of the ratio between shortening and thinning rates, expressed by the variation of the r-value ( Figure 5 ). During this stage, the CPO intensity is slightly weakened and hence the plate strength decreases slightly.
This is followed by a progressive rotation of the [100] axes towards the extension direction that results initially in geometrical weakening of the plate. This behavior will be inversed, leading to hardening, once the angle between the [100] concentration and the imposed stress direction becomes smaller than 45°. The observed shearing results essentially, as in the 0°
case, from the departure from a perfect orthorhombic symmetry of the initial CPO.
Even in the simple case analyzed here, that is, a homogeneous plate submitted to a constant extension normal to one of its boundaries, the variation in strength and deformation regimes for 4 different initial olivine CPO highlights the importance of accounting for an evolving CPO-induced anisotropy in geodynamical models. The present results outline that lateral contrasts in inherited olivine CPO in the lithospheric mantle of continental plates, which form by progressive accretion of terranes around ancient cratonic blocs during successive collision and rifting episodes [Tommasi and Vauchez, 2001; Vauchez et al., 1998 ], should result in significant variations in the mechanical behavior of the plate, leading to strain localization in those domains for which the orientation of the inherited olivine CPO allows higher resolved shear stresses on the easy slip systems of the olivine crystals. The evolution of the system will depend on the imposed boundary conditions and on the initial CPO. The former controls, to the first order, the final, "ideal" CPO. However, the finite strain necessary to approach this "ideal" CPO depends on the initial texture (Fig. 4) . In extension, which is the case investigated in the present article, the progressive reorientation of the olivine [100] axes towards the main stretching direction results in hardening for all initial orientations. This suggests that the strength contrast will probably decay at large finite strains, leading to strain delocalization if other deformation mechanisms or thermal processes are not activated.
However, as the hardening rates are strongly dependent on the initial CPO (Fig. 5) , strength contrasts may be maintained for significant times.
Since the present model does not consider dynamic recrystallization, the CPO concentrates continuously, never reaching a stable configuration. Consequently, the anisotropy increases continuously, tending towards the single crystal mechanical behavior. In nature, however, processes like dynamic recrystallization allow stable CPO to be reached, buffering the mechanical anisotropy [Tommasi et al.,2000] . Analysis of olivine polycrystals submitted to simple shear show that dynamic recrystallization accelerates the development of a stable CPO in an initially random aggregate [Zhang et al., 1995; Bystricky et al., 2000] . This suggests that it may accelerate the decay of the strength contrasts. However we lack experimental datas on how dynamic recrystallization affects the CPO evolution in initially textured aggregates.
Finally, the present models show that even a slight obliquity of the CPO relative to the solicitation direction results in development of significant shearing. Indeed, the 45° case, which has the strongest obliquity, deforms by an association of extension and shearing, i.e., in transtension. The present results confirm therefore the conclusions of previous studies that a CPO-induced mechanical anisotropy in the lithospheric mantle may explain the reactivation of preexisting lithospheric structures during rifting [Tommasi and Vauchez, 2001; Vauchez et al., 1998 ]. They are also in agreement with the prediction by these studies that the reactivation of preexisting structures oblique to the extension direction should be characterized by a transtensional deformation, as observed, for instance, in the initial stages of the East Gondwana fragmentation [Powell et al., 1988] , and in the early stages of the East African rift and Rhine graben development [Schumacher, 2002; Theunissen et al., 1996] .
Conclusion
Anisotropy of physical properties in polycrystalline materials, like rocks or, at a larger scale, the Earth's mantle, is a fully multi-scale problem. The "polycrystal" anisotropy depends on both the intrinsic anisotropy of the crystal and on the orientation of the crystals that compose this polycrystal. The present study shows that multi-scale mechanical models, which couple a viscoplastic self-consistent (VPSC) description of the polycrystal plasticity to 3D finiteelement models that simulate the large-scale flow, allows to perform an accurate calculation of the extension of a mechanically anisotropic plate. The originality of this method is to use the VPSC approach to fully determine the viscosity tensor, based on the local CPO and mechanical state, and, hence, to be able to account for its evolution during the deformation history. A major advantage of this method is that it is applicable to all crystalline materials, independent of their symmetry. The simple models presented here highlight that a CPOinduced anisotropy in viscosity in the mantle is a first order parameter for the deformation of the plate, controlling not only the strain distribution, but also the deformation regimes. It may thus both contribute to strain localization in natural geological systems and explain the high proportion of shearing in these systems.
Appendix: Finite element formulation
The formulation of the finite element problem is based on the weak integral form of equations (7) The finite element spatial discretization is based on a linear isoparametric tetrahedron (P1+/P1) where a bubble function is added at its center for the velocity field interpolation [ Chenot and Bay, 1998 ]. The bubble function allows to satisfy the Brezzi/Babuska condition and enhances numerical stability [Brezzi and Fortin, 1991] . Since a linear interpolation is used, there is only one Gauss point per element for the integration of the constitutive equations. shortening parallel to the X direction using the classical, non-coupled VPSC approach, as well as coupled models using the strong and loose coupling strategies. 
